Abstract: Previous imaging studies assessing the relationship between white matter (WM) damage and matter (GM) atrophy have raised the concern that Multiple Sclerosis (MS) WM lesions may affect measures of GM volume by inducing voxel misclassification during intensity-based tissue segmentation. Here, we quantified this misclassification error in simulated and real MS brains using a lesion-filling method. Using this method, we also corrected GM measures in patients before comparing them with controls in order to assess the impact of this lesion-induced misclassification error in clinical studies. We found that higher WM lesion volumes artificially reduced total GM volumes. In patients, this effect was about 72% of that predicted by simulation. Misclassified voxels were located at the GM/WM border and could be distant from lesions. Volume of individual deep gray matter (DGM) structures generally decreased with higher lesion volumes, consistent with results from total GM. While preserving differences in GM volumes between patients and controls, lesion-filling correction revealed more lateralised DGM shape changes in patients, which were not evident with the original images. Our results confirm that WM lesions can influence MRI measures of GM volume and shape in MS patients through their effect on intensity-based GM segmentation. The greater effect of lesions at increasing levels of damage supports the use of lesion-filling to correct for this problem and improve the interpretability of the results. Volumetric or morphometric imaging studies, where lesion amount and characteristics may vary between groups of patients or change over time, may especially benefit from this correction. Hum Brain Mapp 00:000-000,
INTRODUCTION
Multiple Sclerosis (MS) is a chronic inflammatory disease of the central nervous system causing axonal demyelination and neuronal degeneration [Lassmann, 2010] . Previous studies have shown a strong correlation between white matter (WM) lesion volume and gray matter (GM) atrophy [Ceccarelli et al., 2008; De Stefano et al., 2001; Henry et al., 2008; Ramasamy et al., 2009; Sepulcre et al., 2006; Tao et al., 2009] , prompting investigations on the relationship between GM and WM damage [Bendfeldt et al., 2010; Ceccarelli et al., 2009; Henry et al., 2009; Herz et al., 2010] . While most of these studies have assumed a pathological cause for GM atrophy in MS, very few have investigated possible methodological reasons to explain changes in GM volume with increasing WM damage [Chard et al., 2002 [Chard et al., , 2010 Chen et al., 2004; Nakamura and Fisher, 2009] . These studies have suggested that WM lesions may affect mean WM intensity values and shift segmentation boundaries, thus leading to inaccuracies in the GM segmentation considered for atrophy quantification. Therefore, they have recommended solutions to correct for WM lesion effects on GM segmentation. One study addressed this by using a scaling factor to adjust segmented GM volumes [Nakamura and Fisher, 2009] , while another developed a technique to fill lesions with normal appearing white matter (NAWM) intensities prior to automated brain segmentation [Chard et al., 2010] . The method of lesion-filling was able to correct the misclassification of lesion voxels in simulated images and provided a more accurate quantification of overall GM volumes [Chard et al., 2010] .
The aim of this study is to extend the lesion-filling approach from simulated images to images of MS brains. As MS lesions can change over time [Bagnato et al., 2003; Ciccarelli et al., 1999] , with gender [Pozzilli et al., 2003 ], disease types [Nijeholt et al., 1998 ] and severity of damage [Brex et al., 2000] , accounting for these changes and their effects on GM segmentation in MS patients seems crucial to improve the interpretability of quantitative imaging measures of damage, as well as our understanding of disease processes and intervention effects [Barkhof et al., 2009] .
Here, using a lesion-filling method, we first quantified and localized the effect of WM lesions on segmented GM volumes both in the simulation images, where lesions were morphologically similar in size, shape, intensity and location to MS lesions, and in a cohort of relapsing-remitting MS (RRMS) patients. Second, we assessed the effect of WM lesions on the segmentation of deep gray matter (DGM) structures of MS patients. The proximity of these structures to WM lesions may directly impact their segmentation and may allow us to disentangle the neighboring effect of lesions on segmentation from the influence of lesions on mean WM intensity values. Third, we tested the impact of lesion-filling correction on differences between patients and healthy volunteers in volumetric and morphometric GM measures, which is relevant to determine the importance of this correction in clinical studies.
METHODS

Image Acquisition
Structural images were acquired in 23 RRMS patients (18 women, meanAESD age: 43.08 AE 2.7 years; median EDSS 4.0, range, 0-7.0) and 12 healthy volunteers (9 women, meanAESD age: 30.1 AE 5.3 years) using a 1. 
MS Lesion Masks in Patients
An experienced researcher (V.T.) identified brain hypointense and hyperintense WM lesions on T1-WI and PD-WI, respectively. To increase confidence in lesion detection and masking on T1-WI, the correspondence of lesions between the T1-WI and PD-WI scans was verified. All further work with lesion volumes and lesion masks was based entirely on the lesions outlined on the T1-WI.
MS lesions were outlined in each patient using a semiautomated lesion segmentation tool (Jim, Version 5.0, Xinapse Systems Ltd., Northants, UK) (Fig. 1) . Inaccuracies in lesion segmentation were corrected by manually refining the lesion contour on the T1-WI. Total lesion volume was determined in patients by calculating the volume of their binarized lesion mask.
Patient Lesion-Filled Images
MS lesions were filled by replacing the lesion voxel intensity values with values that were randomly sampled from an intensity distribution that was measured from the surrounding WM voxels (Fig. 1) , like the method used by Battaglini et al. (personal correspondence) . Similar methods of lesion filling have been used previously to correct for effects of lesions on GM volumes [Chard et al., 2010] and to improve nonlinear registration of MS brains with healthy appearing brains [Sdika and Pelletier, 2009] . Briefly, the histogram of intensities from GM and WM voxels (as segmented by FSL's FAST, http://www.fmrib. ox.ac.uk/fsl/fast4/, [Zhang et al., 2001] ) neighboring a WM lesion (i.e., one voxel deep) was generated (neighboring histogram). Then samples were taken from this histogram using a uniform random value passed through an interpolated version of the empirical cumulative distribution function of the neighboring histogram (linearly interpolating between every fifth value). These samples were used as the intensities to fill the interior lesion voxels. Only neighboring GM and WM voxels, as opposed to distant WM voxels, were used in order avoid the effects of inhomogeneities in the magnetic field, which are very slight over the range of sizes of the individual lesions but can be considerable across the whole brain. Both GM and WM voxels were included in the neighboring histogram in order to represent the surrounding tissue and allow the filled lesions to best visually blend into their environment.
The one-voxel layer at the inside edge of each lesion was also filled, but with a different method. In this case, the original intensities were replaced by the mean value of the nearest neighboring voxels, either from the voxels outside the lesion or from the previously filled interior lesion voxels, but not from other inside edge voxels. This method ensured that a smooth intensity gradient was created from the intensities outside the lesion to those of the interior lesion voxels and avoided an abrupt change in intensity from one voxel to the next.
Examples of lesions from various locations of WM before and after lesion-filling are provided in Figure 1 . The lesion-filled image was then used for total GM segmentation and subcortical GM segmentation (Fig. 1) , as described in detail below. In each patient, we segmented total GM and DGM structures before and after lesion-filling. We quantified the volume of these structures and parameterised their shapes to test the effects of lesion-filling on volumentric and morphometric GM measures. Healthy volunteers' scans were used as control group for comparisons with patients before and after lesion-filling (i.e., patient original images and patient lesion-filled images) to assess the impact of lesion-filling in clinical studies. Right: Simulation images with WM areas morphologically similar to MS lesions were created from the scan of a healthy volunteer (base image) using patient LPM. We compared total GM volumes of base and simulation images to quantify the effects of various WM lesion volumes and intensities on segmented GM volume. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Lesion Probability Map
Individual lesion masks were used to produce a lesion probability map (LPM), in which each voxel represented the proportion of patients with a WM lesion at that voxel (see Fig. 1 ). This was achieved by registering individual T1-WI to MNI standard space using four levels of FSL's nonlinear image registration tool, FNIRT (http:// www.fmrib.ox.ac.uk/fsl/fnirt, [Klein et al., 2009] ). The registration of individual T1-WI to standard space was optimized by masking out lesions and by using the intensity mapping to account for intensity inhomogeneities in the image. The final warp obtained from individual T1-WI registration was applied to register the individual lesion mask to MNI standard space. Each registered lesion mask was thresholded at 50% to include in the final lesion mask only voxels surrounded by at least 50% lesion voxels. This provided a more conservative estimate of lesion volume and prevented neighboring GM voxels from being included in the WM lesion mask. All of the final registered and thresholded individual lesion masks were added together and divided by the total number of patients to create a LPM, in which each voxel intensity represented the proportion of patients with a WM lesion at that voxel. This LPM was used in subsequent steps of the analysis.
Simulation Images
To simulate patients with hypointense WM lesions of different volumes and intensities, we created simulation images by varying lesion volumes and lesion intensities within the LPM generated on MS patients (Fig. 1) .
The LPM was nonlinearly registered using FNIRT to a healthy brain T1-WI, which was randomly selected to be the base structural image for the simulation image. The LPM was then thresholded at 13 levels in order to create 13 simulated lesion masks, which contained different lesion volumes (0-34,373 mm 3 ), approximating those found in our patients (1,425-33,300 mm 3 ). These simulated lesion masks were binarized and multiplied by six intensity values, which represented increasing percentages of the average WM intensity of simulation image. The percentages of WM were determined by calculating the mean intensity of the WM, as segmented by FSL's FAST (http:// www.fmrib.ox.ac.uk/fsl/fast4/, [Zhang et al., 2001] ), in the T1-WI used as the base image. In order to mirror the average lesion intensities determined from our patient group, and therefore reflect typical lesion pathology in MS patients, we took a thresholded LPM and homogenously filled it with intensities set to 68%, 74%, 79%, 84%, 89% and 95% of the WM intensity of the simulation image.
Each thresholded and multiplied LPM was used to create a simulation image, in which the intensity of the base image voxels within the LPM was replaced with the intensity of the thresholded and multiplied LPM voxels. This created 78 simulation images with various lesion volumes and intensities.
Total GM Volume
Skull-stripped simulation, patient, and healthy volunteer images were segmented with FAST [Zhang et al., 2001 ], which uses a hidden Markov Random Field model and an Expectation-Maximization algorithm to segment brain tissue. We created three separate partial volume maps for GM, WM, and cerebrospinal fluid (CSF), in which each voxel value represented the proportion of that tissue class in that voxel. The total volume for each tissue class was obtained by summing the partial volume estimates over all voxels for each class separately. One patient was excluded due to insurmountable inaccuracies in image segmentation owing to extensive brain atrophy and ventricular enlargement. This left 22 patients and 12 controls which were used for the remainder of the study. For both the simulation and patient images, any lesion voxels misclassified as GM in the tissue-segmentation were removed prior to analyzing GM volumes by masking out voxels contained within the lesion mask from the segmented GM tissue.
The percent (%) difference in GM volume between images with and without WM lesions was calculated for both the simulation images (with versus without lesions) and the patient images (original versus lesion-filled) to determine the effects of WM lesions on GM volumes. This was done using the following equation:
where GMV L represents the total GM volume from the image with lesions (either simulation image or original patient image) and GMV ØL represents the total GM volume from the image with no lesions (either simulation image without lesions or lesion-filled patient image). Using this formula, a negative % GM volume difference would indicate a smaller GM volume when lesions are present in the image than with no lesions in the image, while a positive percent GM volume change would indicate a larger GM volume with lesions in the image than with no lesions in the image.
As automated segmentation tools are known to have difficulty in segmenting cerebellar GM Lewis and Fox, 2004; Suckling et al., 1999] , we tested whether the addition of cerebellar GM to cerebral GM volume could introduce some bias due to tissue misclassification. We first drew a mask of the cerebellum in the simulation image and calculated total GM volumes both with and without the inclusion of the cerebellar GM volume. Then, we calculated the percent GM volume difference and determined that the impact of lesion-filling on percent GM volume difference was independent from the inclusion of cerebellum. After ensuring similar pattern of results in patients, we included cerebellar volumes in our patient total GM volume calculation to provide more clinically informative results of the impact of WM lesions on GM segmentation. Simulation image results are reported without cerebellar GM volumes.
To compare the effects of lesions in patients and simulated images, we drew polynomial trendlines demonstrating the change in GM volume with increasing lesion volume at each of the six simulated lesion intensities (R 2 ¼ 0.999 for each lesion intensity). For each patient, we chose the simulated lesion intensity which most closely approximated that of the patient's lesions and used the polynomial trendline equation to determine the expected GM volume change given the patient's lesion volume. We divided the patient's percent GM volume change by the expected percent GM volume change to calculate how much of the expected GM volume change was produced by lesion-filling in patients.
DGM Volume and Shape
To examine the effects of lesion-filling on differences between patients and controls in volume and shape of DGM, patient images (original and lesion-filled), as well as healthy volunteer images, were analysed using FIRST. The FIRST tool is an integrated registration and segmentation tool in FSL (http://www.fmrib.ox.ac.uk/fsl/first, [Patenaude et al., 2011] ) that uses a model of shape and intensity, built from a training-set of manually segmented images, to guide the segmentation of DGM structures on T1-weighted images. Briefly, in FIRST individual images are registered to MNI standard space using an affine transformation with 12 of freedom. A second stage of registration applies a MNI subcortical mask to exclude voxels that are located outside the subcortical regions. Once in MNI space, FIRST segments each DGM structure using a multivariate Gaussian model that contains shape and intensity information for each structure based on the vertex locations and intensity profiles associated with a deformable mesh. The mesh has a fixed number of vertices for each structure and point-correspondence is maintained across subjects. To obtain an image representation, FIRST fills all voxels within the mesh and then performs boundary correction for voxels that the mesh passes through, using an optimized, structure-specific, voxel-wise classification method [Patenaude et al., 2011] .
Volume Analysis
To represent the differences in GM volume between the original and the lesion-filled images of patients, the segmented lesion-filled image was subtracted from the segmented original image to produce a GM volume difference image for each DGM structure, as shown below:
where DGMV L represents the DGM volume from the segmented original image and GMV øL represents the DGM volume from the segmented lesion-filled image. In this difference image, voxels with a positive intensity represented voxels included in the segmented original image, but not in the segmented lesion-filled image. Voxels with a negative intensity represented voxels included in the segmented lesion-filled image, but not in the segmented original image. For each structure, we explored the relationship between DGM volume difference and WM lesion volume using a Pearson correlation, with P-values < 0.05 considered significant.
A post-hoc analysis of the correlation between DGM volume difference and WM lesion volume was performed after thresholding the volume of the difference image at an intensity of 0. This thresholding selected voxels contained either in the segmented original image (voxel intensity of difference image >0) or in segmented lesion-filled image (voxel intensity of difference image <0). This analysis was done to disentangle the effect of increasing WM lesion volume on DGM volumes under the alternative hypotheses that increasing WM lesion volume may result in (Hypothesis 1) a decrease in DGM volume, due to the effect of lesions on the intensity threshold used for GM-WM segmentation, or in (Hypothesis 2) an increase in DGM volume, due to the effect of neighboring hypointense lesions surrounding DGM structures being included in the DGM segmentation.
Within-group comparisons of patient DGM volumes from original and lesion-filled images were performed using a two-tailed paired t-test. Between-group comparisons of DGM volumes were performed using a two-tailed unpaired t-test. Significance was attributed to P-values <0.05.
Shape Analysis
To compare shapes of DGM structure between patients and controls before and after lesion-filling in patients, we performed a multivariate test at each vertex of each DGM structure mesh. This vertex analysis tested whether the locations of the vertices were significantly different between groups. After performing a correction for multiple comparisons using False Discovery Rate (FDR) [Benjamini and Yekutieli, 2005] , the multivariate F-statistic for vertex differences was displayed on a mean surface mesh using surface coloration for location of shape differences in each structure. In these areas, vectors indicated the direction of shape differences between groups.
RESULTS
Effect of WM Lesions and Their Filling on Total GM Volume
In the simulation image, the creation and filling of WM areas morphologically similar to MS lesions allowed us to test the effect of different lesion volumes and intensities on segmentation of total GM. Increasing WM lesion volume at all the physiological intensities tested was r Lesion-Induced Segmentation Error in MS r r 5 r associated with decreasing GM volume. Specific levels of hypointensity exerted a greater effect on GM. WM lesions with intensity values equal to 68% of the mean intensity of WM showed the greatest effect on GM volume, while hypointense WM lesions with 84% of the WM mean intensity had the least effect ( Fig. 2A) . While all lesion intensities showed this pattern, there was no linear relationship between the intensities of WM lesions and their effect on GM volume. % GM volume difference varied from about 0% (for intensity of 84% of WM and lesion volume 58 mm 3 ) to À2.22% (for intensity of 68% WM and lesion volume 34373 mm 3 ) depending on the lesion volume and intensity, with an average % GM volume difference of À0.55%.
All patients except one showed negative % GM volume difference, i.e., smaller GM volume in the original than in the lesion-filled image (Fig. 2B) . As with the simulation image, patients with higher lesion volume had larger changes in GM volume between the original and the lesion-filled image (Fig.  2B) . However, the average % GM volume difference in patients was only À0.26% (range, À0.02 to À1.02%), less than that found in the simulation image. When individual patient images are compared to the simulation image with the most similar lesion intensity and the same lesion volume, the percent change in GM volume produced in patients after lesionfilling is, on average, 71.5% of that produced by the most similar simulation image. In other words, if adding lesions of a certain volume and intensity to a simulation image led to 5% reduction in total GM volume, patients with lesions of the same volume and intensity would only have a 3.58% (5% Â 0.715 ¼ 3.58%) reduction in total GM volume compared to their lesion-filled image.
When the location of GM volume differences was categorised, GM voxels at the border of the cortical GM with WM, as well as voxels in the DGM were less likely to be segmented as GM in the presence of lesions. These effects were true both in the simulation image (Fig. 3A ) and in Figure 2 . A: Relationship between WM lesion volume and % GM volume difference in simulation images. % GM volume difference was calculated as the difference between the images without and the images with WM lesions at varying volumes and intensities. Lesions misclassified as GM were not included in the GM volume quantification. Increasing lesion volumes, at all intensities, were associated with decreasing % GM volume difference in a nonlinear relationship. B: Relationship between % GM volume difference between original and lesion-filled image in patients with increasing lesion volumes. Polynomial trendline in black (R 2 ¼ 0.84) demonstrates the relationship between lesion volume and % GM volume difference. In all patients but one, the GM volume was smaller in the original image than in the lesion-filled image. Patients with greater lesion volumes generally had a larger change in GM volume with lesion-filling. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] (Fig. 3B) , with more extensive effects when the lesion volume was greater.
Effect of Lesions and Their Filling on DGM Volume
In patients, all DGM structures except the hippocampus had smaller average volumes in the original images than in the lesion-filled images, regardless of lesion volume. The hippocampus was the only structure that had a higher average volume in the original image than in the lesionfilled image (Fig. 4A) .
Since the DGM structures did not have the same consistent direction of correlation with lesion volume (Fig. 4A ) that we found with the total GM volumes (Fig. 2B ) likely due to the dual effect of lesions on mean intensity threshold for segmentation (Hypothesis 1), as well as their proximity to DGM structures (Hypothesis 2), we explored the relationships between lesion volume and the volume of DGM difference image when either negative or positive voxels only were considered. The volume of difference image containing only negative voxels were significantly negatively correlated with the lesion volume in the caudate (r ¼ À0.43, P < 0.05), pallidum (r ¼ À0.45, P < 0.05), hippocampus (r ¼ À0.67, P ¼ 0.001), and amygdala (r ¼ À0.525, P ¼ 0.01), with a trend towards a significant correlation in the putamen (r ¼ À0.42, P ¼ 0.05). Consistent with total GM volume results in simulation images and in patients, this relationship indicated that with increasing lesion volumes, less GM volume was included in the segmented DGM of the original image (Fig. 4B) .
The volume of difference image containing only positive voxels showed a significant positive correlation with lesion volume only in the caudate (r ¼ 0.59, P < 0.005) and hippocampus (r ¼ 0.57, P ¼ 0.005) (Fig. 4C) , suggesting that significantly more GM was included in the original image of the caudate and hippocampus in patients with greater lesion volumes.
Impact of Lesion-Filling on Within-Group and Between-Group Comparisons of GM Volume and Shape
Lesion-filling significantly affected both total GM and DGM volume. Total GM volume in the original patient images was significantly smaller than total GM volume in the lesion-filled images (P ¼ 0.001) (Fig. 5) . DGM volumes in the original patient images were significantly smaller than volumes in the lesion-filled images (P < 0.05) in all structures except for the hippocampus (P ¼ 0.2), with a trend towards a significant difference in the amygdala (P ¼ 0.06) (Fig. 5) .
When the total GM volumes in patients before and after lesion-filling were compared with the control group, it was found that patients had a significantly smaller GM volume than controls when either the original images (P < 0.01) or the lesion-filled images (P < 0.01) were used. Similarly, the comparison of DGM volumes between controls and patients both in the original images and after lesionfilling showed significantly smaller DGM structure volumes in patients for all the structures (P < 0.05) except for the thalamus (P > 0.2) (Fig. 5) .
Vertex analysis demonstrated that DGM shape differences between groups were dependent on whether lesions were corrected. For example, while the original images showed an almost equal extent of shape differences in the right and left caudate when compared to controls, the comparison of the patients' lesion-filled images to controls revealed more lateralized shape differences, with the left caudate showing much greater differences in shape than the right caudate when compared to controls (Fig. 6) .
DISCUSSION
This study confirms that hypointense WM lesions can cause an apparent reduction of GM volume where there is none. In simulation images, total GM volumes decrease with greater lesion volumes, with certain lesion intensities having a larger effect. A similar effect of WM lesions on total GM segmentation is confirmed in MS patients. However, for similar lesion volume and intensity, the impact of lesion-filling correction on GM volume is lower in patients than would be predicted from simulation. In both simulation images and patients, the location of the tissue segmentation error occurs at the GM/WM boundary and can be distant from lesions. Two opposing mechanisms can explain this misclassification, as demonstrated by DGM structures. Changes in intensity threshold of WM due to lesions can cause a decrease in volumes of DGM structures with increasing lesion volume. However, WM lesions can also increase the volumes of DGM structures in the original image through a neighboring effect. Therefore, lesion-filling correction can significantly affect volumetric and morphometric measures of DGM structures, influencing results of comparisons within patients, as well as between patients and controls.
The first part of this study investigated the effect of WM lesions at different volumes and intensities within the range found in a cohort of RRMS patients. The finding of decreasing GM volumes with increasing lesion volumes, both in simulation and in patients, is likely due to changes in the tissue classification of intermediate intensity voxels between the GM and WM [Chard et al., 2010; Nakamura and Fisher, 2009] . The presence of hypointense areas in WM can lead to a decrease in the average WM intensity and thus reduce the intensity threshold used to segment GM and WM. GM voxels then have a reduced probability of being classified as such, leading to an overall reduction of GM volume throughout the brain. This explanation is suggested by previous findings demonstrating that GM and WM tissue intensity differences at the cortical GM/ WM interface can affect measures of cortical GM thickness in MS patients [Chen et al., 2004] . This explanation is also supported by our results showing that the location of misclassified voxels lies in border regions between GM and WM both in the simulation and in patients. These regions contain voxels of intermediate intensities, in which a small decrease in the GM probability can lead to a significant reduction in the segmented GM volume.
While our results confirm that WM lesions can affect total segmented GM volume, the direction of this effect appears opposite to what has been reported previously. While [Chard et al., 2010] found that WM lesions led to artificial increase in GM volume, we found that WM lesions led to an artificial decrease in GM volume. This apparent inconsistency stems from a difference in the way the data was reported. While the previous study included lesions misclassified as GM in the total GM volume, in our study misclassified lesions were removed from the GM volume in order to isolate the impact of the lesions on GM, while excluding the confounding effect of the lesions themselves. When misclassified lesions are included in our GM volumes, they lead to an overall increase in segmented GM volume with increasing lesion volume, just as found previously [Chard et al., 2010] (Fig. 7) . This is because, as the lesion volume increases, more misclassified lesions are added to the GM volume, leading to a larger increase in total GM volume. This effect is even more pronounced when lesion intensities approximate that of the GM, as more lesion voxels are classified as GM. With these differences taken into account, the results of our study are consistent with those found previously and demonstrate a negative correlation between WM lesion volume and total GM volume (excluding misclassified lesions) at all physiologic intensities. Relationship between lesion volume and difference in DGM volumes from original to lesion-filled image in patients with heterogeneous lesion intensities. Negative values indicate a smaller DGM volume in the original image than in the lesion-filled image. While all structures except for the hippocampus have smaller volumes in the original image, there was no consistent relationship between DGM volume and lesion volume across GM structures. In the legend to the plot, slopes and 95% confidence intervals are shown in brackets beside structure name. B: Post-hoc analysis performed to test WM lesion impact on the intensity threshold used to segment brain tissue classes (Hypothesis 1). Greater volume of negative voxels indicates a smaller DGM volume in original image than in the lesion-filled image. All DGM structures except for the thalamus showed a significant negative correlation between lesion volume and volume of negative voxels in difference image (P < 0.05). Slopes and 95% confidence intervals are shown in brackets beside structure name. C: Post-hoc analysis performed to isolate the effect of neighboring WM lesions on DGM segmentation (Hypothesis 2). Greater volume of positive voxels indicates a larger GM volume in segmented original image than in lesion-filled image. The caudate and the hippocampus show a significant positive correlation between lesion volume and volume of positive voxels in the difference image (P < 0.01). Slopes and 95% confidence intervals are shown in brackets beside structure name. Supporting Information Figures 1S, 2S , and 3S show plots of individual structures. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Figure 6 . Results of vertex analysis to assess between-group localized differences in the shape of the caudate nuclei. In this structure, the control group has been compared with the patient group before (original image) (A) and after (B) lesion-filling. Surface coloration shows the multivariate F-statistic for the vertex difference between groups, with higher values (more blue) indicating greater significance. These values are corrected for multiple comparisons using FDR. The between-group comparison using lesion-filled images shows more lateralized shape differences in the left caudate, while the comparison using the original images shows a more bilateral and symmetric distribution of shape changes when compared to controls. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Figure 5 . GM volumes in controls and in patients before and after lesion-filling. Significant difference (P < 0.05) between groups is shown in brackets above columns. P/P indicates significant difference between original and lesion-filled images of patients using paired ttest. C/P indicates significant difference between control group and both patient groups using unpaired t-test. Error bars represent standard deviation for each group. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Similar effects of lesions on GM volume were found in patients, where higher lesion volume was associated with a greater change in segmented GM volume when their lesions were filled. However, the extent of change was not as great as expected from the simulation, with images from patients showing about 72% of the percent GM volume change seen in the simulation images with similar lesion intensities and volumes. Both methodological and biological reasons could contribute to explain this smaller effect of lesion-filling in patients when compared to the simulation.
Areas of dirty appearing white matter not included in the lesion mask can affect the mean intensity threshold and thus the segmentation results [Chen et al., 2003; Vrenken et al., 2010] . The presence of these regions, found only in patients, could lead to underestimation of GM volumes even after lesion-filling and thus contribute to the smaller effect of lesion-filling correction on GM volumes in patients. Any hypointensities outside the simulated lesions that may have been in the control brain used for simulation would have affected every simulation image equally, and therefore would not have influenced the GM volume difference resulting from the presence of lesions.
Hypointense areas surrounding a lesion could also affect the lesion-filling process, as this technique uses neighboring WM intensities to determine the intensity histogram used in filling the lesions. If the lesions were filled with hypointense WM intensities, instead of those of NAWM, this would not adequately remove the effects of lesions on GM segmentation, and may lead to a residual underestimation of GM volumes. While using a more global WM intensity histogram could help to address this problem, this method could be influenced by intensity inhomogeneities in the scan, producing an intensity histogram that is not a good representation of the WM intensities at each lesion. A better and simpler solution would be to ensure that more areas of hypointensity surrounding lesions are included within the lesion mask. Although this would still not correct for GM segmentation differences induced by diffuse hypointensities such as dirty appearing white matter, it might remove the effects of hypointensities surrounding WM lesions.
The occurrence of GM pathology and its relationship with WM damage, which are present in the patients as a result of MS pathology [Tomassini and Palace, 2009 ], but not in simulation images, should be taken into account when interpreting the patients' results. In MS, GM tissue loss can develop independently from [Geurts and Barkhof, 2008] or gradually following the appearance of WM lesions . Pathological processes affecting GM in patients can alter the intensity of GM tissue and thus shift the boundary of GM/WM segmentation. If GM intensity were reduced as a result of pathology, this would partially negate the effect of lesion-filling and may explain the smaller impact of lesion-filling correction on GM volumes in patients compared to simulation.
Our study extends previous findings on the relationship between WM lesions and apparent reduction in GM volume to the investigation of DGM structures. We found that WM lesions could exert opposing effects on DGM. The caudate, thalamus and hippocampus showed increasing volumes, while putamen, pallidum, and amygdala showed decreasing volumes in original image with increasing WM lesion volume.
Our post-hoc analyses suggested that two opposing, but not mutually exclusive, mechanisms exist through which lesions affect GM segmentation, and both contribute to explain these results. A reduction in the intensity threshold used for GM/WM segmentation could explain the reduction in the DGM volume of the original image with increasing lesion volumes. As a change in the intensity threshold should lead to a global reduction in GM volumes, we would expect that it would affect every DGM structure equally. Our results support this, with all structures except the thalamus showing a significant correlation between lesion volume and the amount of GM volume loss in the DGM segmentation of the original image. As there is a low Figure 7 . Effect of misclassified lesional voxels on the relationship between total GM volume difference and increasing lesion volume in simulation. WM lesions were simulated using 74% of WM intensity (approximately equivalent to GM intensity). Red squares show results when misclassified lesions were excluded from total GM volume. Gray squares show results when lesions misclassified as GM were not excluded from the total GM volume calculation and agree with the results reported by Chard et al. [2010] for a similar lesion intensity. When lesion volume is removed from the total GM volume including misclassified lesions (gray squares), the resulting curve (white circles) agrees with the results produced when misclassified lesions are excluded from total GM volume (red squares). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] contrast gradient between the GM and WM at the border of the thalamus, especially in the face of GM pathology in MS, the thalamic shape model in FIRST likely drives the structure segmentation in this region, thus making the thalamus less susceptible to changes in the intensity threshold that affect the GM/WM segmentation in other structures.
We also found a significant correlation between lesion volume and additional DGM volume in the original image segmentation of the caudate and hippocampus. We hypothesized that this effect could be due to the presence of neighboring lesions bordering these DGM structures and thus artificially increasing their volumes. This effect is not evident when examining total GM volumes, which included mostly cortical GM, but can become pronounced in those DGM structures bordering the lateral ventricle, which is most surrounded by WM lesions, especially at higher lesion volumes. In fact, this effect appears to be so strong in the hippocampus that it outweighs the former effect of the reduced intensity threshold used in GM segmentation, leading to an overall increase in hippocampal volume with increasing lesion volume.
The direct comparison of GM volumes in MS patients before and after lesion-filling confirmed the significant effect that lesions can have on GM segmentation by showing significantly smaller total GM volumes in the original image compared to the lesion-filled image. Except for the hippocampus and amygdala, DGM volumes showed a similar significant difference, suggesting that lesion-filling prior to segmentation is needed to more accurately represent GM volumes.
To assess the plausibility and relevance of our results, we compared patients before and after lesion-filling correction with healthy volunteers. This comparison confirmed that lesion-filling maintains the expected reduction in total and DGM volumes in patients compared to controls. While the use of lesion-filling does lead to a significantly higher GM volume in patients as described above, it would be concerning if there were no longer any difference between the lesion-filled patient group and the control group as many previous studies have reported histological signs of GM damage in MS patients [Amadio et al., 2010; Bo et al., 2003; Cifelli et al., 2002; Geurts et al., 2007; Wegner et al., 2006] .
As shape analysis was developed to be more sensitive to local changes in DGM structures, it is encouraging that the effects of lesion-filling are evident on shape analysis. In this specific case, the use of lesion-filling revealed a more lateralized difference in caudate shape between controls and patients, which had not been evident prior to lesion-filling. The improvements in shape analysis provided by lesion-filling further encourage the use of this technique in betweengroup or between-session comparisons.
